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Summary
Movement sequences, defined both by the compo-
nent movements and by the serial order in which they
are produced, are fundamental building blocks of mo-
tor behavior. The serial order of sequence production
is strongly encoded in medial motor areas. It is not
known to what extent sequences are further elabo-
rated or encoded in primary motor cortex. Here, we
describe cells in the primary motor cortex of the mon-
key that show anticipatory activity exclusively related
to a specific memorized sequence of upcoming move-
ments. In addition, the injection of muscimol, a GABA
agonist, into motor cortex resulted in an increase in
the error rate during sequence production, without
concomitant effects on nonsequenced motor perfor-
mance. Our results challenge the role of medial motor
areas in the control of well-practiced movement se-
quences and suggest that motor cortex contains a
complete apparatus for the planning and production
of this complex behavior.
Introduction
The sequential nature of behavior has intrigued scien-
tists for more than a century (James, 1890; Lashley,
1951). Movement sequences are complex behaviors
that are defined by both the component movements
and the serial order in which they are produced. The
medial motor areas, supplementary motor area (SMA)
and pre-SMA, are important for sequence production
(Clower and Alexander, 1998; Tanji and Shima, 1994)
and appear to have a special role in the encoding of
serial order. However, medial motor areas also have sig-
nals that relate to other aspects of sequences such as
the transition from one movement to the next, and the
specific sequence itself (Shima and Tanji, 2000). It is an
open question whether the primary motor cortex, which
is strongly related to coding the spatial aspects of
movement (Georgopoulos et al., 1982; Schwartz et al.,
1988; Taylor et al., 2002), also participates in a mean-
ingful way in sequence production. Motor cortex is in-
volved in a variety of complex functions such as visuo-
motor adaptation (Wise et al., 1998), mental rotation*Correspondence: ashe@umn.edu
3Present address: Department of Physiology, Juntendo University,
School of Medicine, 2-1-1 Hongo, Bunkyo-ku, Tokyo 113-8421,
Japan.(Georgopoulos et al., 1989), coding of serial order (Car-
penter et al., 1999; Kettner et al., 1996), memory scan-
ning (Pellizzer et al., 1995), and complex trajectory
planning (Ashe et al., 1993). However, although motor
cortex is modulated during the learning (Karni et al.,
1995; Pascual-Leone et al., 1994) and performance (Ca-
talan et al., 1998; Gordon et al., 1998; Shibasaki et al.,
1993) of sequences of movement, it is not known
whether motor cortex actually codes for specific move-
ment sequences or merely reflects other aspects of
motor output that covary with sequence production.
To address this question, we trained two monkeys on
an arm movement sequence task (Figure 1) in which a
set of different sequences were learned, each con-
sisting of center-out movements to each of four targets
located at 0° (right), 90° (up), 180° (left), and 270° (down)
from a central starting point. For a typical trial (Figure
1A), the instruction stimulus comprised four visual
targets filled with a specific color. Each sequence was
uniquely associated with a specific target color. In other
words, the color indicated to the trained subject the
sequence of movements to be performed. Figure 1B
shows the set of sequences performed by each mon-
key. The unique features of this task were as follows:
(1) each movement was encountered in all the se-
quences and at a variety of serial order positions, (2)
each direction of movement appeared in at least two
different sequences in the same serial order position,
and (3) a delay period prior to the GO signal enabled
us to examine the neural activity associated with the
presentation of the instruction for the upcoming se-
quence. In the current report, we focus on the neural
activity in the delay period.
Results
Primary Motor Cortex Activity during
the Performance of Sequences
Before neural recording, we confirmed the location of
motor cortex using intracortical microstimulation (ICMS)
(Alexander and Crutcher, 1990; Luppino et al., 1991).
After extensive training, monkey sa3 and monkey sa5
were able to perform six and eight sequences, with
87% and 85% accuracy, respectively. In order to pre-
vent habituation to the performance of specific se-
quences, the sequences were presented pseudoran-
domly for each repetition across the eight repetitions
of the whole sequence set. We found that a large
number of cells in motor cortex were activated during
the instruction period before the GO signal and without
any concomitant change in electromyographic (EMG)
activity in the muscles engaged in moving the arm.
These cells were classified on the basis of the main
effects of temporal order and direction (ANCOVA, p <
0.05). We defined sequence-related cells as those
showing a significant interaction between the effects of
direction and serial order. Among 341 cells recorded
from motor cortex (Figure 2), sequence-related cells
were the most common (40%; n = 136). Neurons with a
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Figure 1. Experimental Design A
(A) An example of a sequence. The sequence comprised four c
movements in a predetermined order. For each movement, the in- i
struction period (delay period prior to GO signal) varied randomly m
(500–700 ms).
m(B) The complete set of sequences for each monkey. Each se-
mquence was instructed by the specific color of the targets. The
rnumbers indicate the serial order of movements toward the target.
The targets were located at 0° (right), 90° (up), 180° (left), and 270° a
(down) from a central starting point. A total of eight different se- n
quences were performed by monkey sa5, and six were performed i
by monkey sa3.
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mmain effect of direction (17%; n = 58) and serial order
l(16%; n = 55) were observed less frequently during the
idelay period. In this report, we focus on the sequence-
srelated activity. As one might expect, the distribution
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Figure 2. The Location of the Primary Motor Cortex Recordings and
iMuscimol Injection Sites in Monkey sa5
p
The hatched area shows where sequence-related cells were re-
ncorded. The numbered dots indicate the sites of the three separate
amuscimol injections. CS, central sulcus; AS, arcuate sulcus; PS,
principal sulcus. ef these main effects changed as the task progressed:
uring the movement epoch of the sequence task the
ain effect of direction became most prominent (44%;
= 141), with a marked decrease in the proportion of
eurons related to either sequence (5%; n = 16) or serial
rder (4%; n = 13).
The neuron shown in Figure 3 demonstrated a clear
ffect of sequence during the delay period (p < 0.001).
his is most evident if one compares movement in the
ame direction across sequences. For example, this
ell was highly active in sequence 4, movement to right
ith serial order 2. The same movement direction ap-
eared in each of the other sequences, but the neural
ctivity was quite different even when it was also
atched for the serial order such as in sequence 7. We
ropose that such specific activity was responsible for
he production of sequence 4. Neither the direction ef-
ect nor the serial order effect was significant (p > 0.05)
or this cell. The same point can be made by comparing
ovements to 90° (up) with serial order 3 in sequences
and 5. These results suggest that the motor cortex
s strongly involved in planning the whole sequence of
pcoming arm movements as opposed to direction or
erial order alone.
eversible Local Inactivation of Motor Cortex
nd Sequence Accuracy
s a further test of the functional relation between the
ells and the production of sequences, we reversibly
nactivated motor cortex, by microinjection of musci-
ol, a GABA agonist (Figure 4). Three injections were
ade in separate locations (Figure 2). The effect of
uscimol on the accuracy of sequence generation was
eflected by a significant increase in the error rate for
ll three injections (p < 0.0001; Figure 4A). In contrast,
o significant increase in error rate was observed dur-
ng a simple center-out movement task, which was per-
ormed as a control with each set of sequences (p >
.05; Figure 4A). In addition, we examined the effect of
uscimol on individual sequences on the basis of the
ocation of injection (Figures 4B–4D). This led to two
nteresting observations. First, the increase in error rate
eemed to be specific for certain sequences at a single
njection site, in spite of the fact that all sequences
ere composed of the same component movements.
or example, after injection 1 (see Figure 2 and Figure
B), the error rates for sequences 2, 3, 5, and 8 in-
reased significantly (Mann-Whitney test, p < 0.001),
hile those of other sequences did not. Second, the
opulation of sequences that showed the greatest ef-
ect of muscimol changed from one injection site to an-
ther. The muscimol effect was most obvious for se-
uences 2, 3, and 5 following injection 1, while the
aximum effect was seen for sequences 1, 2, 5, and 6
fter injection 3. We also examined whether there was
significant difference in the distribution of errors in
he different sequences across the three injection sites
y testing for an interaction between sequence and
njection site; this interaction was significant (ANOVA,
< 0.001). Saline injections into the same sites had
o effect on performance. We assume that the minute
mounts of muscimol that were used diffused locally at
ach injection site and inactivated a subset of cells re-
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969Figure 3. Sequence-Dependent Activity of a Motor Cortex Cell during the Performance of Eight Different Sequences
The serial order of performance is indicated for each target in the different sequences. Spike activity, shown in raster and histogram format,
is aligned to target onset as indicated by the triangles (blue) on the left; the middle triangles (orange) indicate the presentation of the GO
signal, and the right triangles (purple) indicate the exit of the center window.lated to the control of different sequences. Despite the
specific effects of the muscimol injection at different
sites within motor cortex, it was important to establish
whether the pattern of errors was correlated with the
properties of the sequence-related cells recorded, in
separate sessions, in a location close to the tip of the
injection tube. In other words, could one predict the
results of the muscimol inactivations from the distribu-
tion of sequence-specific cells in the surrounding tis-
sue. Therefore, for each injection site, we plotted the
error rate during the performance of a sequence
against the number of cells related to that sequence
during neural recordings in locations within 1 mm ra-
dius from the injection sites. The correlation between
the two measures was significant for each site (site 1:
r = 0.85, p = 0.003; site 2: r = 0.67, p = 0.03; site 3: r =
0.64, p = 0.04; Figure 4E). Overall, the inactivation re-
sults were entirely consistent with, and provided addi-
tional validation for, our finding strong relations be-
tween neural activity in motor cortex and sequence
production.
A final question was whether the “predictive” neural
activity that we observed in the delay period was asso-
ciated with other changes in the properties of the neu-
rons as the result of extensive training in the sequence
task. Among the 341 cells recorded in the motor cortexof the two animals, 228 (67%) showed direction tuning
during movement in the center-out task. However, only
a small percentage of the tuned cells (15/228 [7%])
showed significant changes in direction tuning during
the movement phase of the sequence task. These find-
ings suggest that the sequence-related delay period
activity was not strongly related to changes in the di-
rectional properties of the neurons.
Discussion
Our data demonstrate that a large number of motor
cortex cells exhibited anticipatory activity related to
specific sequences of arm movement. In the light of
other work that has ascribed a variety of complex func-
tions to motor cortex, alluded to previously, from visuo-
motor adaptation to memory scanning (Ashe et al.,
1993; Carpenter et al., 1999; Georgopoulos et al., 1989;
Kettner et al., 1996; Pellizzer et al., 1995; Wise et al.,
1998), it is perhaps not surprising that the structure
might be involved in sequence encoding. In addition,
findings such as the disruption of sequence production
by the application of transcranial magnetic stimulation
(TMS) to contralateral motor cortex (Gerloff et al., 1998),
and changes in the correlated activity among groups
of neurons associated with short sequence segments
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tFigure 4. Effects of Muscimol Injections in the Motor Cortex on
aError Rate
l(A) Error rates across the three injection sites for the simple center-
dout movement and sequence movement tasks before (pre-injec-
tion) and after muscimol injections; ***p < 0.0001. (B–D) Muscimol
effect on the error rates in each sequence after injection 1 (B), in- s
jection 2 (C), and injection 3 (D); ***p < 0.0001; **p < 0.001; *p < 0.01. t
(E) Correlation between the number of sequence-specific cells and
fthe error rate for that sequence at each injection site. Each point
trepresents measurements from one of the eight sequences (site 1
r[red]: r = 0.85, p = 0.003; site 2 [blue]: r = 0.67, p = 0.03; site 3
c[black]: r = 0.64, p = 0.04). Error bars represent standard deviations
in all cases. i
v
tHatsopoulos et al., 2003), both support a role for motor
ortex in the control of sequences. Nevertheless, to
ate, finding a neural signature of sequence production
n motor cortex has proven to be elusive. Several
tudies have failed to find consistent changes related
o sequences at the level of single cells (Mushiake et
l., 1991; Tanji and Shima, 1994). We believe that our
bility to detect such changes was likely related to test-
ng a large number of sequences during a behavior that
equired a uniform sampling of a two-dimensional space
nd was enhanced by inclusion of a delay period during
hich upcoming motor operations might be reflected
Ashe et al., 1993; Tanji and Evarts, 1976). It is also pos-
ible that the effects that we observed during the delay
eriod are only evident in motor cortex when the se-
uences have been practiced over long periods of time.
n the current experiment, the animal subjects were
rained for an average of 6 months before neural re-
ording began, whereas in other work (Mushiake et al.,
991; Tanji and Shima, 1994), the subjects were explic-
tly instructed in three-element sequences for a short
eriod, after which the sequences were performed
rom memory.
Is it possible that the sequence-specific activity that
e documented was merely an epiphenomenon? We
hink not, for several reasons. The first is that the se-
uence-specific activity was even more common than
irection-related activity, an important property of mo-
or cortex cells. The cells involved in sequences were
ot a small subpopulation but formed almost half of the
hole population under study; in fact, the proportion of
equence cells in motor cortex in the current study was
-fold greater than that documented in a similar study
n medial motor areas (Shima and Tanji, 2000). Second,
he sequence-related activity was seen in a delay
eriod before the presentation of a GO signal, and in
he absence of any EMG changes, and thus was not
ikely to reflect a spurious association with movement
ariables. Finally, the most direct evidence of the in-
olvement of motor cortex comes from the results of
uscimol inactivation. We found that sequence pro-
uction was disrupted without any deleterious effect on
he performance of visually instructed, nonsequenced,
enter-out movements. In addition, our inactivation study
howed that the muscimol injections had differential ef-
ects in distinct locations within motor cortex. Further-
ore, the effect of inactivation on the performance of
pecific sequences was strongly correlated with the
eural properties of cells recorded in adjacent cortical
issue (Figure 4E). The last two findings suggest that,
fter extensive practice, and presumably as a result of
ocal reorganization, the control of sequences may be
istributed topographically within motor cortex.
The coding of other aspects of sequential behavior,
uch as a serial order effect, was also evident during
he instructed delay period. Although serial order ef-
ects have been demonstrated previously in motor cor-
ex (Carpenter et al., 1999; Kettner et al., 1996), it is
emarkable that this type of signal was only half as
ommon among our population of cells as that reflect-
ng encoding of complete sequences; this is the con-
erse of the situation in medial motor areas in which
he serial order signal predominates (Shima and Tanji,
2000). One potential interpretation of our results is that
Sequence Activity in Motor Cortex
971they reflect the exquisite context dependence of motor
cortex neurons. For example, the motor cortex encodes
the serial order of visual stimuli when this information
is important for making a subsequent motor response
(Carpenter et al., 1999). Similarly, in the current experi-
ment the motor cortex is seen to encode whole se-
quences because this information is essential for cor-
rect task performance. By extension, the motor cortex
is not a relatively inert structure implementing com-
mands from “higher” motor areas. Rather, motor cortex
integrates and ultimately encodes information that is
essential for the performance of the motor task at hand.
The observation that motor cortex neurons exhibit
changes in activity during the instructed delay period
that relate to the significance of an arbitrary visual stim-
ulus adds to the growing literature showing this area
to be involved in predictive behavior and in the more
“cognitive” aspects of motor control (Carpenter et al.,
1999; Cisek et al., 2003; Crammond and Kalaska, 2000;
Georgopoulos et al., 1989; Pellizzer et al., 1995; Tanji
and Evarts, 1976).
One particularly interesting finding in our data was
the extent to which the sequence-specific and direc-
tional properties of the neural population changed dur-
ing the time course of the behavior. The sequence-spe-
cific activity in motor cortex was commonly observed
in the instruction period (40%) but was rare during the
movement time (5%). Conversely, as one might expect,
direction-specific activity was more prevalent during
movement time (44%) than in the instruction period
(17%). Sequence-related activity may be regarded as a
higher-order signal in that it codes for a particular direc-
tion only in a specific sequence. In the same vein, direc-
tion-related cells have a lower level of specificity be-
cause they are active whenever a particular direction is
executed irrespective of the sequence. The differences
in the time course of these two effects suggest that
information is transferred from sequence-specific cells
to direction-specific cells. We hypothesize that, during
sequential arm movements, direction-specific cells
may be used for decoding each sequence-specific
neuron to execute the appropriate motor output.
How do our results change the current view of se-
quence production (Hikosaka et al., 1999; Tanji, 2001)?
There is a consensus that the medial motor areas, SMA
and pre-SMA (Clower and Alexander, 1998; Shima and
Tanji, 1998; Tanji and Shima, 1994), are primarily re-
sponsible for controlling the serial order of motor out-
put. Although a signal for specific sequences can be
found in these areas, it is quite weak compared to that
coding serial order. It has been assumed that the motor
cortex uses the serial order signal provided by medial
motor areas to organize individual movements into a
sequence. However, our results suggest that motor cor-
tex integrates the information it receives about serial
order with a signal related to direct movement control,
resulting in a neural signature that is unique for different
sequences. We propose that the extended practice of
a set of sequences results in plastic changes in motor
cortex such that the individual sequences are encoded.
There are other examples of use-dependent changes in
motor cortex in a variety of different behaviors (Karni et
al., 1995; Muellbacher et al., 2002), although the neural
basis of these changes is not clear in most instances.The concept of sequence encoding in motor cortex
should be no more surprising than the suggestion that
internal models of motor behavior are also stored in
that structure (Gribble and Scott, 2002). In the current
study, we do not know whether the neural signature for
specific sequences appeared during early learning or
only after extensive practice. It is possible that in early
learning the production of sequences is controlled pri-
marily by prefrontal cortex and medial motor areas (Hi-
kosaka et al., 1999). As learning progresses, control
shifts to motor cortex in addition to the basal ganglia
and cerebellum; the relative contribution of these areas
has yet to be established.
In summary, we believe that motor cortex is a key
structure in the distributed system of cortical areas
controlling sequence production, both because of the
prominence of the sequence effect in neurons relative
to other effects and because reversible inactivation
causes disruption of sequence production without hav-
ing an effect on nonsequenced visually guided move-
ment. The role of motor cortex in the control of se-
quences of arm movements may be analogous to that
of another “output” structure, the supplementary eye
fields, in the control of eye movements (Lu et al., 2002;
Schlag, 2002). Overall, our data suggest that for well-
practiced movement sequences, the motor cortex has
a complete apparatus capable of their control and is
likely to be the main neural substrate for this complex
motor behavior.
Experimental Procedures
Subjects
We used two male rhesus monkeys (Macaca mulatta): monkey sa3
(7.0 kg) and monkey sa5 (6.5 kg). All surgical and experimental pro-
tocols were approved by the Animal Care and Use Committee of
the Veterans Administration Medical Center (Minneapolis) and the
University of Minnesota. The guidelines contained in Public Health
Service Policy on Humane Care: Use of Laboratory Animals by
Awarded Institutions and in the NIH Principles for Use of Animals
were followed.
Behavioral Task
The monkey subjects were trained to perform four movements in
different serial orders (sequence task) (Figure 1). Each set of move-
ments performed in a predetermined order was regarded as a se-
quence. At the beginning of each sequence, a central target ap-
peared, and the monkey had to move the joystick to fixate this
position. After 500–700 ms (control period), during which the joy-
stick had to remain within a spatial window around the central
target, four peripheral targets of a specific uniform color appeared
simultaneously at each of four locations (up, down, right, and left).
The specific color instructed the sequence of movements to be
performed (Figure 1B). Following an additional 500–700 ms (in-
struction period), the fixation point changed color to red (GO sig-
nal), and the monkey moved the joystick to the first target in the
sequence and remained at that position for 200 ms to get a liquid
reward (Figure 1A). The animal subject then moved back to the
center for the next movement in the sequence. The instruction
stimulus was again presented, followed by an instruction period
during which the animal had to choose the next movement in the
sequence and produce it after the GO stimulus and so on. This
pattern repeated until the animal had completed all four move-
ments in the sequence. All the peripheral targets remained illumi-
nated until the full sequence was completed. Errors at any stage
caused that repetition of the sequence to be aborted and the ani-
mal to be presented with the same sequence again. The sequence
to be performed was chosen pseudorandomly from a set of either
Neuron
972six or eight. For each dataset, there were eight repetitions of each a
eset of sequences. The monkeys initially had to find the correct or-
der for each sequence by trial and error. The number of errors de- P
tcreased with long-term practice; after 6–8 months of training, mon-
key sa3 and monkey sa5 were able to perform six and eight m
rsequences, with 87% and 85% accuracy, respectively. In addition
to the sequence task, the animal subjects also performed a visually t
iguided, simple center-out movement (control) task to each of the
four targets, which were pseudorandomly presented. Monkey sa3
unaturally preferred to use his right hand performing the sequences,
and monkey sa5 preferred to use his left hand; neural recordings t
swere from the contralateral motor cortex in each animal. For each
group of cells that we recorded, the animal performed both the q
csimple movement and sequence tasks; the order of performance
was chosen randomly. t
(
tNeural Recording
mDetailed surgical and electrophysiological recording procedures
phave been described previously (Taira et al., 1996). Briefly, after
animals performed consistently with greater than 85% accuracy at
the end of the training period, a 7 mm diameter stainless steel re-
Acording chamber was implanted in the skull overlying the hand/arm
representation of the motor cortex under aseptic conditions using
Tgeneral anesthesia. After a 7 day recovery period, we began to
Srecord extracellularly the activity of single neurons using seven in-
edependently driven microelectrodes (Uwe Thomas Recording, Mar-
burg, Germany); action potentials were isolated using dual-ampli-
tude window discriminators (Bak Electronics, Germantown, MD) R
and multispike discriminators (MSD, Alpha-Omega engineering, R
Nazareth, Israel). The presentation of the visual stimuli, the behav- A
ioral control, and data collection were controlled by a personal P
computer (Gateway E3100) using custom software written in C.
Neural data were sampled at 1000 Hz, and behavioral data were R
sampled at 500 Hz. We established that the site of recording was
in motor cortex using criteria based on the following procedures: A
(1) preoperative anatomic MRI was used to define the best record- o
ing chamber placement, (2) ICMS (20–40 negative pulses of 0.2 ms t
duration at 330 Hz with currents of 5–20 µA) was carried out before A
neural recording (Alexander and Crutcher, 1990; Luppino et al., L
1991), and (3) the locations of the electrode penetrations on the p
surface of the brain were reconstructed postmortem. b
C
Microinjection c
We used a stainless steel tube (ID, 0.06 mm; OD, 0.14 mm; length, 2
180 mm) with a sharp angle at the tip, connected to a Hamilton
Csyringe (10 l) by polyethylene tubing. The tube was inserted into
(one of the electrode guidance slots on the multiple recording as-
qsembly. A GABA agonist, muscimol (Sigma), was used to temporar-
Cily depress neural activity. We made three muscimol injections on
iseparate days. The injection was always done at the site and the
tdepth at which sequence-related cells had been located (Figure 2).
9During injection, the muscimol solution was pressure injected in
five to seven steps (0.2 l for each step) with 20 s between steps. C
The total amount injected was 1.0–1.4 l (5 g/l) for each site (Lu r
et al., 1998). We collected the behavioral data for up to 3 hr after m
each injection. As a control for muscimol, we injected the same 1
volume of saline under the same conditions. C
t
Data Analysis o
We used an ANCOVA model (type III sums of squares) with the G
center-hold activity as a covariate, to examine the effects of serial (
order, direction, and sequence. We defined a sequence as an in- a
teraction between the main effects of temporal order and direction. r
A significant effect was defined as a p value in the F test of less
G
than 0.05. For the inactivation portion of the experiment, we ana-
M
lyzed the error rate to assess the effect of muscimol on the mon-
t
key’s performance. The error rate was the number of the failed (er-
Gror) trials divided by the total number of both error and successful
(trials, during the performance of eight successful repetitions of the
psequence. Statistical comparisons (Mann-Whitney U test) were
1made for the error rate between the pre- and postmuscimol values
for each of the three injections. To determine whether there were G
(significant differences in the distribution of sequence error ratescross injection sites, we used an ANOVA to test for an interaction
ffect between sequence and injection site. In addition, we used
earson’s correlation coefficient to test the association between
he percentage error rates for each specific sequence following
uscimol injection, and the number of cells with neural activity
elated to that specific sequence in the brain tissue surrounding
he injection site (within a radius of 1 mm), for each of the three
njection sites.
The direction tuning of cells and its significance were determined
sing standard methodology (Lurito et al., 1991). We tested whether
hey were significant changes in preferred direction, within the
ame cell, across behavioral tasks (center-out control and se-
uence) by first using a bootstrap (n = 4000), with replacement, to
onstruct a distribution of preferred directions for each task. We
hen bounded these distributions at the 0.025 and 0.975 percentiles
nonparametric bootstrap 95% confidence interval). If the distribu-
ions did not overlap within the confidence boundary, we deter-
ined that there was a significant difference (p < 0.05) between the
referred directions in the two conditions.
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